INTRODUCTION
additional hyphal foraging. For an increase resulting from greater root growth, we expected the 127 relationship between root surface area and uptake to be maintained, albeit that mycorrhizal plants 128 themselves were larger. If, however, there was a significant effect of hyphal foraging, we 129 predicted an increase in uptake per unit surface area of root. replicates), with a one week interval between planting dates. B73 seed was produced in the 139 winter of 2015 in Valle de Banderas, Nayarit, México. W22 seed was produced in the summer of 140 2013 in Aurora, New York, USA. Each tube was filled with 17 L of a sterilized substrate mix 141 consisting of sand:perlite:silt (4.5:1.5:1, v/v). The substrate Olsen P concentration was 4.8 ppm. 142 For M plants, we inoculated each tube with ~700 Rhizophagus irregularis spores collected from 143 a commercial liquid inoculant (AGTIV ® ) and delivered to the middle of the tube at 15 cm depth 144 before planting. The experiment was conducted under greenhouse conditions, at an average 145 temperature of 24 ºC and humidity of 48%. Maize seeds were surface sterilized with 1% sodium 146 hypochloride solution for 10 min and rinsed five times with sterile distilled water. Seeds were 147 then placed in 30 ml of sterile distilled water and shaken for 48 hours before planting. From 5 148 days after emergence (DAE), plants were watered every other day with 200mL of ⅓ Hoagland solution, modified to a final P concentration of 25 μM (Hoagland and Broyer, 1936) . Plants were 150 harvested at 56 DAE.
152
Evaluation of plant growth 153 Leaf length and width were measured manually, and leaf area estimated as 0.75 x length x width 154 (Mollier and Pellerin, 1999) . Shoot and root fresh weights were measured after cutting the aerial 155 part and washing the root. Dry weight was determined by oven drying tissue at 70º for 48 hrs.
156
Root volume was measured by submergence in a test tube and recording of the volume of water 157 displaced.
159
Estimation of fungal colonization in seedling roots 160 Lateral root segments were collected at random from the upper 15 cm of the root system, placed 161 in 10% KOH solution, autoclaved for 10 min, and stained with 0.05% trypan blue in 162 acetoglycerol. The percentage of root length colonized was quantified in 15 root pieces per plant 163 using a modified grid-line intersect method (McGonigle et al., 1990) . using GiA Roots software (Galkovskyi et al. 2012) . After scale calibration, the images were 170 segmented using the adaptive thresholding method and basic parameter settings were manually 171 optimized. Finally, all binary images were analyzed to quantify the root system traits. Stacked (overlay) root system images were generated using the stacks tool in ImageJ/Fiji (version 2.0.0).
173
Root traits are described in Supplementary Table S1 .
175
Analysis of the leaf ionome 176 The third youngest leaf (variously, leaf 5 or 6 for different individuals) was collected for ionomic 177 analysis using inductively coupled plasma mass spectrometry (ICP-MS) as described previously 178 ( Ziegler et al. 2013 , Ramírez-Flores et al., 2017 . Briefly, weighed tissue samples were digested 179 in 2.5 ml of concentrated nitric acid (AR Select Grade, VWR) with an added internal standard 180 (20 p.p.b. In, BDH Aristar Plus). The concentration of the elements B, Na, Mg, Al, P, S, K, Ca, (Table S2 ). Leaf surface area estimates were square root transformed for analysis. A 220 To evaluate the relationship between root system architecture (RSA) and nutrient acquisition in 221 mycorrhiza plants, we grew the two maize inbred lines B73 and W22 under low phosphorus (P) 222 conditions, with (M) or without (NC) inoculation with the AM fungus Rhizophagus irregularis 223 ( Fig. 1A) . These two widely used inbred lines were selected to provide a reference for future 224 work, and to allow greater generalization than would be possible based on a single genotype.
RESULTS

219
Growth of maize seedlings increased when inoculated with Rhizophagus irregularis
225
B73 is the reference for the most complete maize genome assembly. W22 is the background for 226 the primary publicly available maize reverse genetics collections. Inoculation with AM fungus 227 significantly enhanced plant growth in both genotypes ( Fig. 1B , S1, S2. Table 1 ). Fungal 228 inoculation and plant genotype were both significant (p < 0.001) predictors of plant biomass but 229 there was no evidence of an interaction between the two (Fig. S2 , Table 1 ; S2). By harvest (55 230 DAE), the marginal effect of inoculation on shoot dry weight (SDW) was an increase of 142% 231 (Table 1 ). In both M and NC treatments, B73 tended to be smaller than W22, the range of SDW 232 overlapping between B73 M and W22 NC treatments ( Fig. 1, S1 , S2). The inclusion of plants 233 similar in size, yet differing in inoculation status, was important for our subsequent interpretation 234 of element content.
235
To quantify mycorrhizal colonization, the percentage of root length containing different 1C-E), and there was no difference in colonization rate between the two plant genotypes ( Fig S1. 241 Table S2 ). 242 243
The root system was modified by inoculation with Rhizophagus irregularis 244 Root fresh and dry weight (RFW and RDW) and root volume (RV) increased significantly in 245 inoculated plants ( Fig. 2A . Table 1 ). To characterize RSA, we photographed the plants and 246 analyzed the images with GiA Roots (General Image Analysis of Roots; Galkovskyi et al., 247 2012). Ten GiA Roots traits showed a significant response to inoculation (Table 1 . Fig. S1 ). In a 248 principal component (PC) analysis using all 19 GiA Roots traits, the first four PCs explained 249 90% of the total variance ( Fig. 2B; 2C ). PC1 (explaining 59% of the total variance) was 250 dominated by variables associated with overall root system and plant size ( Fig. 2; 4A ). PC2
251
(explaining 12% of the total variance) was associated with overall root system shape and aspect 252 ratio ( Fig. 2; 4A ). PC3 (7%) and PC4 (7%) captured aspects of root branching and root system with the GiaRoots trait NSA (Network Surface Area), used as our measure of root system size.
272
As expected, an increase in NSA (associated with larger plants) was correlated with greater 273 nutrient content ( Fig. 4B ). Of greater interest, however, was the degree to which this relationship 274 was modified by AM colonization; i.e. for any given nutrient, was NSA sufficient to explain were larger, and the proportional increase in M plants was greater, presumably reflecting less growth inhibition in the larger tubes that we used here. A difference in leaf surface area was 287 observed by day 40 -45 after emergence, broadly consistent with the timing reported in rice for 288 the first observation of arbuscules and the accumulation of transcripts encoding mycorrhiza-289 associated P transporters (Gutjahr et al., 2008) . AM colonization was correlated not only with an 290 increase in root system size, but also in the degree of branching and solidity of the root system partitioning. For other elements, the content in M plants could be explained by the larger root 302 system alone, although there is the possibility of a "hidden" mycorrhizal contribution (i.e. fungal 303 nutrient delivery balanced by an equivalent reduction in direct root uptake. Smith et al., 2003) .
304
The growth increase in inoculated plants was likely driven by increased P uptake, given 305 that the experiment was conducted under low P availability. The route of P from soil to fungus, 306 and subsequent delivery to the plant host is well characterized (Chiu and Paszkowski, 2019) . We 307 saw clear evidence that a unit of mycorrhizal root translates to a greater quantity of P obtained 308 than an equivalent unit of non-colonized root, as would be anticipated as a consequence of hyphal foraging (Fig. 5) . In comparison to P, the impact of AM colonization on the uptake of 310 Ca, Mg and S (the other macronutrients for which our observations were consistent with hyphal 311 foraging) is less well characterized (Gerlach et al., 2015; Ramírez-Flores et al., 2017) . In the case 312 of S, it has been shown that AM fungi have the capacity to transfer S from soil to their plant 313 hosts (Gray and Gerdemann, 1973; Allen and Shachar-Hill, 2009) , and that accumulation of 314 plant sulphate transporter transcripts increases in colonized roots (Casieri et al., 2012; 315 Giovannetti et al., 2014) . Furthermore, the promoter of the Lotus japonicus sulphate transporter 316 gene LjSULTR1;2 is active in arbusculated cells (Giovannetti et al., 2014) , suggesting a function 317 in uptake from the peri-arbuscular space analogous to that of the PT4 high-affinity P transporter.
318
With regard to Mg, transcripts encoding Mg transporters are known to accumulate to higher 319 levels in wheat following mycorrhizal inoculation (Li et al., 2018) . In common with P, the 320 elements S, Ca and Mg are often poorly available due to low-mobility and formation of 321 conjugates with other soil compounds (Kelly and Barber, 1991; Scherer, 2001; Lynch, 2019) . As 322 such, hyphal foraging and delivery of these nutrients by mycorrhizal fungi would be predicted to 323 be of potential benefit to plants under field conditions. In the future, it will be informative to 324 combine evaluation of RSA in the field with assessment of AM fungal communities and 325 quantification of elements in reproductive stage plants and grain. 
